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/organic cation exchanger termed the multidrug and toxin extrusion (MATE)-type transporter 1 (MATE1, SLC47A1). The key goals of this study were to assess the interplay between the renal cationic transporters OCT2 and MATE1 and the functional assessment of genetic variation in human MATE1. First, the ability of various agents to interact with OCT2-or MATE1-mediated transport was determined using a recombinant vaccinia expression system. We were able to identify several drugs in clinical use with a divergent inhibitory capacity for these transporters. Subsequently, we further assessed the effect of those compounds on the cellular accumulation of shared substrates using OCT2 and MATE1 double-transfected cells. Consistent with data obtained using single transporter transfected cells, compounds that exhibited preferential inhibition of MATE1 such as rapamycin and mitoxantrone induced significant cellular accumulation of cationic substrates. We next assessed the functional relevance of MATE1 genetic polymorphisms. Significant loss of transport activity for metformin and tetraethylammonium was noted for two nonsynonymous single nucleotide polymorphisms (SNPs), c.404TϾC (p.159TϾM) and c.1012GϾA (p.338VϾA). The c.404TϾC was only seen in Asian subjects with an allele frequency of 1%, and the c.1012GϾA SNP was much more common, especially among those of African descent. In conclusion, we show that coordinate function of MATE1 with OCT2 likely contributes to the vectorial renal elimination of organic cationic drugs and that altered activity of MATE1, whether by drugs or polymorphisms, should be considered as an important determinant of renal cationic drug elimination.
organic cation transporter; drug-drug interactions; polymorphisms; biological transport; metformin BOTH THE KIDNEY AND LIVER PLAY a major role in the elimination of exogenous and endogenous compounds. The combination of drug metabolism and transport contributes significantly to the clearance of potentially harmful compounds. While transport as a mechanism determining drug disposition has been extensively studied in the liver (e.g., OATP1B1; Ref. 23 ), transporter-mediated handling of xenobiotics in kidney is less well characterized. It is widely appreciated that renal drug elimination is determined not only by glomerular filtration but also by active transport processes that facilitate tubular reabsorption and secretion of drugs. Indeed, the mechanisms governing the renal elimination of organic anions have been studied in detail, and the transporters facilitating the tubular uptake and/or secretion of organic anions have been identified (1, 6, 12, 31, 43) . Similarly, a separate transport system has been noted for the elimination of organic cations (OCs; Ref. 20) . Specifically, endogenous or xenobiotic cations are taken up from the circulation by organic cation transporter 2 (OCT2) expressed on the basolateral domain of renal tubular cells. This transporter has been extensively studied both for its genetic variability as well as the potential role of this transporter in certain drug-drug interactions (19, 40, 57) . Although, the luminal exit of OCs had been proposed to be mediated by a OC/H exchanger dating back to 1981 by Holohan and Ross (14) , linkage of this function to a specific transporter at the luminal membrane of the tubular cells had not been made until the recent molecular cloning and functional characterization of MATE1 transporter. There is now emerging evidence to support that the recently identified multidrug and toxic compound extrusion (MATE)-type transporters, namely SLC47A1 (MATE1) and SLC47A2 (MATE2; Refs. 24, 30) expressed on the apical domain of tubular cells, perform the key OC efflux function. Indeed the prototypical OCT2 substrate metformin (42) and other nephrotoxic cationic agents (53) were reported to be substrates of MATE1 supporting a functional link between these two transporters in the kidney.
It should be noted that although MATE1 has been detected in several tissues including liver, skeletal muscle, and heart, the main organ of expression appears to be the kidney, specifically the brush border (apical) membrane of the proximal and distal convoluted tubules (30) . Due to the bidirectional transport activity dependent on a proton gradient (45, 47) , the role of MATE1 in tissues other than kidney remains to be clarified. However, MATE1 has been described to mediate electroneutral exchange of several prototypical cations, including tetraethylammonium (TEA), 1-methyl-4-phenylpyridinium, paraquat (9), cimetidine (26, 34, 42) , procainamide (42), fluoroquinolones (28), oxaliplatin (8, 53) , and metformin (42) .
Among the MATE1 substrates, the biguanide antidiabetic agent metformin has been the most widely characterized in terms of interaction with cationic transporters such as the liver-enriched transporter OCT1 and the kidney-specific transporter OCT2. Indeed loss of function single nucleotide polymorphisms (SNPs) in these transporters have been associated with altered metformin disposition in humans (38, 41, 50) . However, as mentioned above net elimination not only depends on the uptake mechanism but also on the transporter mediating the cellular efflux. With regard to metformin, more recent findings (3, 46) suggest that MATE1 is as an important determinant of the in vivo elimination and hence both OCT2 and MATE1 can modify renal clearance of metformin.
Accordingly, we hypothesized that the interplay between OCT2 and MATE1 is critical to the vectorial movement of shared substrates such as metformin across the renal tubular cells. We therefore systematically determined the role of OCT2 and MATE1 in terms of differential drug-drug interaction potential and also identified functional genetic polymorphisms in MATE1 using a heterologous gene expression system (10, 13) . We now note that a number of compounds in clinical use exhibit differential inhibitory potency for OCT2 vs. MATE1 and that functional SNPs in MATE1 exist.
MATERIAL AND METHODS

Cloning of MATE1 (Slc47a1). MATE1 (GenBank accession) was
cloned by RT-PCR from human kidney RNA using the primers Slc47a1-for 5=-CGCAGCGCGCGAGTCACATGG-3= and Slc47a1-rev 5=-GGCCTGTGAATTGTGTGTAAGCTC-3= and the Phusion-PCR kit (Fermentas/NEB). The amplification product was cloned into pEF6-V5/His-TOPO (Invitrogen, Burlington, ON, Canada) after introducing an A-overhang using AmpliTagGold DNA polymerase (Applied Biosystems, Streetsville, ON, Canada). The confirmed reference sequence was used to introduce the published single nucleotides using the Stratagene multisite directed mutagenesis kit and the following primers: C404T 5=-CCCAGACCTATGTCATGATCT-TCATTCCAGCTC-3=, G1012T 5=-GGCACGGAAGTCCTCTAC-CATTTCCCTGCTG-3=, and G1490T CGCTTCACCAGGTTCCCT-GAAAACCTTGAAG-3=, following the manufacturer's instructions (Stratagene, La Jolla, CA).
Heterologous expression and transport experiments. The produced vectors were used for heterologous expression in HeLa cells. Therefore, HeLa cells were seeded in 12-well plates. After reaching 80% confluency, the cells were transfected with 1 g of the MATE1-vector or vector control using 3 l Lipofectin (Invitrogen) in 400 l Opti-MEM medium (Invitrogen). Expression is driven by a T7 RNApolymerase that is introduced into the cell system by infection with a recombinant attenuated vaccinia virus (vTF7-3; ATCC no. VR-2153) (13) . For transport experiments, the cells were washed with Opti-MEM and exposed to radiolabeled [ 14 C]TEA or [ 14 C]metformin (1 M/200,000 dpm/well) diluted in pH-controlled Krebs-Henseleitbicarbonate buffer containing 118 mM NaCl, 1.2 mM MgSO 4, 1.2 mM KH2PO4, 4.7 mM KCl, 26 mM NaHCO3, and 2.5 mM CaCl2. Uptake transport kinetics was determined using data obtained at 5 min after initiation of transport at multiple concentrations. Cells were washed three times with ice-cold PBS, and the amount of accumulated radioactivity was determined after cell lysis in 1%-SDS using UltimaGOLD-scintillation fluid and a scintillation counter (Liquid Scintillation Counter, Tri-Carb 2900TR; Perkin Elmer Life Sciences). Kinetic parameters were determined using the Michalis-Menten Model using the GraphPad Prism software (GraphPad Prism Software, San Diego, CA). For determination of the IC 50 values of inhibitors of MATE1 transport, 10 concentrations of inhibitor were included in the experiment ranging from 0.1 to 100 M. Extent of inhibition was determined after a 10-min incubation with the radiolabeled substrate in the presence of the inhibitor.
Substances Western blot analysis. Western blot analysis of MATE1 was performed using cell lysate of HeLa cells. Briefly, transfected HeLa cells were collected in 5 mM Tris · HCl after several times shock freezing in liquid nitrogen followed by 20 strokes using a potter homogenizer, and the protein content was determined using a BCA-protein quantification system (Thermo Fisher Scientific, Nepean, ON, Canada). Fifteen micrograms of the protein lysate were separated and electrotransferred to nitrocellulose using the NUPAGE system (Invitrogen). The amount of MATE1 was determined using a specific anti-MATE1 antibody kindly provided by Yosinori Moriyama (Okayama University, Okayama, Japan; Ref. 30 ) and an horseradish perioxidase-labeled anti-rabbit secondary antibody. Chemiluminescence was detected using the ECL Plus Western blot detection system (GE Healthcare, Baie d'Urfe, QC, Canada) and a KODAK Image Station 4000MM (Mandel, Guelph, ON, CA).
Human DNA samples. We tested the frequencies of two SNPs on 253 DNA controls of healthy volunteers aged 18 to 65 yr in this study. They had been enrolled in a previous pharmacogenetic study (5) . The details of eligibility criteria for selection of healthy volunteers have been defined previously. No selection on ethnic origin was realized, and 222 white subjects and 31 nonwhite subjects were included in the study. Written informed consent to participate in the genotyping part of the study was obtained from the volunteers, and the studies themselves were approved by the Comité Consultatif pour la Protection des Personnes Participiant à la Recherche Biomédicale of Pitié Salpétrière Hospital (Assistance Publique des Hôpitaux de Paris local ethics committee). The recommendations of the declaration of Helsinki for biomedical research involving human subjects were followed. The DNA samples of Japanese Asians and Tansanian Africans were kindly provided by Dr. D. Rosskopf (32, 33) . A randomly chosen subset of the originally collected DNA samples has been included in this study to determine allele frequencies.
MATE1 cell surface expression. HeLa cells were grown on sixwell plates and transfected with the MATE1 cDNAs using a similar protocol as for transport experiments. Sixteen hours posttransfection, cells were washed with ice-cold PBS Ca 2ϩ /Mg 2ϩ (138 mM NaCl2, 2.7 mM KCl, 1.5 mM KH2PO4, 9.6 mM Na2HPO4, 1 mM MgCl2, and 0.1 mM CaCl2, pH 7.3) and then treated with a membrane-impermeable biotinylating agent (1.5 mg/ml sulfo-N-hydroxysuccinimide-SSbiotin; Pierce/Thermo Fisher Scientific) at 4°C for 1 h. Subsequently, the cells were washed three times with ice-cold PBS Ca 2ϩ/ Mg 2ϩ containing 100 mM glycine and then incubated for 20 min at 4°C with the same buffer to remove the remaining labeling agent. After being washed with PBS, Ca 2ϩ/ Mg 2ϩ cells were disrupted with 700 l of lysis buffer (10 mM Tris-base, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, and 1% Triton X-100, pH 7.4) containing protease inhibitors (Sigma-Aldrich) at 4°C for 1 h with constant agitation. Following centrifugation, 140 l of streptavidin-agarose beads (Pierce/Thermo Fisher Scientific, Nepean, ON, Canada) were added to 600 l of cell lysate and incubated for 1 h at room temperature. Beads were washed four times with ice-cold lysis buffer, and the biotinylated proteins were released by incubation of the beads with 4ϫ Laemmli buffer for 30 min at room temperature. Similar to total cell lysates, samples of the biotinylated fractions (25 l) were subjected to Western blot analysis for detection of immunodetectable MATE using the polyclonal anti-serum provided by Yosinori Moriyama and the intracellular, endoplasmic reticulum-resident protein calnexin (StressGen, Victoria, British Columbia, Canada). Western blot analysis was performed as described above.
Genotyping of MATE1 variants c.1012GϾA and c.404TϾC. Genotyping for allelic variations was performed using the TaqMan allelic discrimination assay (Applied Biosystems). SNP primers and probes were designed for genotyping using the Applied Biosystem Primer express software (Applied Biosystems). For c.1012GϾA (p.338ValϾIle, rs35790011) polymorphism, the "G" (5=-CTCTACCGTTTCCCTG-3=) and "A" (5=-TCCTCTACCATTTCC-3=) allele probes were labeled with VIC and FAM fluorescent markers, respectively, at their 5=-extremity. The forward 5=-TGGGTGCTGGAGACATGGA-3= and reverse 5=-CCAAGAGCCTCGGGTAAAGG-3= primers were used for amplification. For c.404TϾC MATE1 (rs35646404), a commercially available validated TaqMan SNP Genotyping Assay (Applied Biosystems; part no. C__9247004_20) was used. PCR conditions were as follows: initial denaturation at 95°C for 10 min, followed by 45 cycles of denaturation (92°C for 15 s) and annealing and extension in 1 step (60°C for 60 s). The post-PCR-generated fluorescence intensity was quantified using an ABI 7900 Sequence Detector System Software Version 2.3.
Statistical analysis. Data are expressed as means Ϯ SD. Data were analyzed statistically using the nonparametric Mann-Whitney U-test. Probability values of Ͻ0.05 were considered statistically significant. Statistical analysis was conducted using GraphPad Prism software.
RESULTS
Metformin transport mediated by OCT2 (SLC22A2) and MATE1 (SLC47A1). Transport of [
14 C]metformin was assessed using a heterologous expression system. MATE1 is a protondependent extrusion transporter that functions in an export or uptake mode dependent on the intra-vs. extracelluar proton gradient. Transport experiments employing the T7 RNA polymerase driven protein expression system for MATE1 were conducted in the uptake mode (pH 8.0) revealing time-and concentration-dependent accumulation of the biguanide in MATE1-transfected HeLa cells (Fig. 1, A and B) . The MATE1-specific metformin uptake (5 min) was saturable with the K m value of 202 Ϯ 31 M/l. Similar results were obtained for OCT2-specific uptake (at 5 min; K m value of 680 Ϯ 175 M/l). This is in accordance with previously reported K m values for OCT2 (ranging from 393 M/l to 1.38 mM/l) and MATE1 (227 M/l) assessed using other types of gene expression systems (9, 17, 20, 40) .
Analysis of MATE1 (SLC47A1) and OCT2 inhibitors (SLC22A2).
To test the potential of MATE1 as target of drug-drug interactions, we tested a wide range of potential inhibitors. As mentioned before, the net effect of MATE1 in renal tubular cells depends on a basolateral uptake mechanism; therefore, we also determined the effect of those compounds on OCT2. Included were substances with major renal elimination routes, such as azidothymidine, captopril, cimetidine, ciprofloxacin, mitoxantrone, ofloxacin, omeprazole, probenecide, pyrimethamine, ranitidine, tolbutamide, and trimethoprim. As MATE1 was also reported to be expressed in the liver, a selection of drugs predominantly eliminated by the liver was also included in the screening of potential inhibitors.
As summarized in Table 1 , both MATE1-and OCT2-mediated cellular uptake of metformin after a 10-min incubation was significantly inhibited in the presence of 25 M amprenavir, cimetidine, ciprofloxacin, clotrimazole, dipyridamole, ketoconazole, mitoxantrone, probenecide, pyrimethamine, ranitidine, rapa- mycin, tipranavir, and trimethoprim (%uptake of DMSO control; P Ͻ 0.05). Subsequently, the IC 50 of MATE1 mediated for uptake of metformin and of TEA was determined for ritonavir (15.4 Ϯ 2.5 and 13.9 Ϯ 1.2, respectively), ranitidine (18.9 Ϯ 7.3 and 17.5 Ϯ 4.4, respectively), rapamycin (3.27 Ϯ 0.46 and 3.51 Ϯ 0.61, respectively), and mitoxantrone (4.4 Ϯ 1.3 and 5.2 Ϯ 0.9, respectively). It should be noted that in vivo peak concentrations for the here tested compounds have been reported to be 11 g/ml (ϳ15 M) for ritonavir, 462 Ϯ 54 ng/ml (ϳ1.30 M) for ranitidine, 94 -210 ng/ml (ϳ0.1-0.22 M) for rapamycin, and 308 Ϯ 133 ng/ml (ϳ0.6 M) for mitoxantrone (7) .
Effect of inhibitors on metformin accumulation in cells expressing both OCT2 (SLC22A2) and MATE1 (SLC47A1).
Several compounds exhibited divergent inhibitory effects for OCT2 vs. MATE1 (Table 1 ) when the transporters were studied separately. To be more reflective of the in vivo situation, we also tested cells expressing both OCT2 and MATE1 in terms of net effect on metformin cellular levels. In the control experiments, MATE1-mediated export (experiments conducted at pH 6.5) significantly reduced the cellular accumulation of [ 14 C]metformin in the presence of the uptake transporter OCT2; therefore, we tested cells expressing both OCT2 and MATE1 for effects on the accumulation of metformin (%OCT2-expressing cells, OCT2-transfected cells: 100.00 Ϯ Fig. 2A) . However, treatment with ritonavir and ranitidine (25 M), compounds that had similar potency of inhibition for both transporters, resulted in a modest but statistically significant increase in cellular levels of metformin (37.88 Ϯ 0.90 and 31.97 Ϯ 2.56% of OCT2-expressing cells, respectively, by Mann-Whitney U-test P Ͻ 0.05; Fig.  2B ). Subsequent experiments were conducted using compounds that were identified as more specific inhibitors of MATE1, such as rapamycin and mitoxantrone (52.33 Ϯ 15.76 and 52.32 Ϯ 5.12% of OCT2, respectively, by Mann-Whitney U-test; P Ͻ 0.05; Fig. 2C ).
SLC47A1 (MATE1) SNPs. Inspection of the NCBI SNP database revealed the presence of three missense mutations located in the coding sequence of SLC47A1. The SNP c.404TϾC (rs35646404) with an unknown frequency results in an amino acid exchange in position 159 (p.159TϾM). In addition, the coding polymorphisms c.1012GϾA (p.338VϾI, rs35790011) and c.1490GϾT (p.497CϾF; rs35395280) with the following heterozygosity frequencies of 0.065 and 0.023, respectively, were published in the database. With the use of the TMpred program, a software to predict orientation and protein structure (http://www.ch.embnet.org/software/TMPRED_form.html), the potential secondary structure of human MATE1 was calculated (Fig. 3A) . In contrast, to the first published predicted structure of the protein (30) , but in common with following reports (44) 13 transmembrane domains were predicted. This topology model is supported by recent experimental findings by Zhang and Wright (54) . The missense mutations were not located in any highly conserved regions of the transporter (29) and did not include glutamate residues, which are thought to be essential for transport activity (Fig. 3A; Ref. 25) .
Influence of genetic variants of MATE1 on transport and protein localization. The functional role for the nonsynonymous SNPs in MATE1 was assessed in vitro through the study of Fig. 3 . Influence of coding single nucleotide polymorphisms (SNPs) on MATE1 transport activity. SNPs previously deposited in the NCBI SNP database were evaluated for their effect on transport activity of MATE1. To determine location of the SNP-associated amino acids in the protein, the secondary structure of MATE1 was predicted using TMpred. SNPs resulting in T159M, V338I, and C479F are shown (A), and their effects on the transport of the prototypical substrates tetraethylammonium (TEA; B) and metformin (C) were determined by performing the experiments in the uptake mode at pH 8.0. Similar results were obtained by assessing transport in the efflux mode (pH 6.5) in double-transfected cells (D and E) . pEF, pEF6-V5/His-TOPO. We noted a significant reduction in transport activity in cells expressing the p.159TϾM variant (c.404TϾC, rs35646404) or the p.338VϾI (c.1012GϾA, rs35790011), whereas no statistically significant difference was seen for the p.497CϾF (c.1490GϾT, rs35395280) variant (Fig. 3, B and C) . To determine if similar effects are seen for the efflux mode of MATE1, the influence of the MATE1 SNPs was determined using double-transfected cells expressing OCT2 and MATE1 (Fig. 3, inset) . As shown in Fig. 3D, cells expressing (Fig. 3E) . The kinetics of [ Table 2 .
Determination of cell surface expression of MATE1 and its genetic variants. One potential reason for the observed reduction in transport activity of MATE1 variants is reduced protein synthesis and/or impaired cell surface sorting. To determine whether one of these mechanisms is involved, we carried out cell surface expression analysis. Surprisingly, Western blot analysis revealed higher total expression in cells transfected with the impaired function variants T159M and V338I, respectively (MATE1-to-␤-actin ratio Ϯ SD, MATE1-wild type: 0.68 Ϯ 0.25; MATE1-T159M: 1.42 Ϯ 0.48; MATE1-V338I: 1.37 Ϯ 0.53; and MATE1-C497F 0.51 Ϯ 0.19; Fig. 4B ). Immunofluorescent staining suggested that the variants might be associated with intracellular accumulation of the expressed transporter (Fig. 4A) . This is in accordance with recent findings by Chen et al. (8) . Assessment of MATE1 expression after performing a biotinylation-streptavidin enrichment of surface proteins did not reveal any differences in membrane expressed MATE1-T159M, whereas the V338I variant exhibited higher protein levels in the membrane (Fig. 4C) . Therefore, our findings would suggest that the assessed MATE1 variants do not result in a significant change in the cell surface trafficking of the transporter. Thus the observed reduction in activity likely represents SNP-associated loss of transport function rather than expression.
Determination of allele frequencies in different populations. The frequency of the impaired function alleles was assessed in populations of different ethnicity such as European Caucasians (n ϭ 253), Japanese Asians (n ϭ 95), Tansanian Africans (n ϭ 95), and African Americans (n ϭ 95). The c.1012GϾA (p.338ValϾIle, rs35790011) polymorphism was seen in one heterozygous subject of European Caucasian descent, thus quite rare with a minor allele frequency of 0.004. However, this variant was much more common among those of African ancestry with a minor allele frequency of 0.05 and 0.10 in African-Americans and Tansanian Africans. Among Japanese Asians, the minor allele frequency was 0.01. The nucleotide polymorphism c.404TϾC (p.159TϾM, rs35646404) was only seen in the Japanese Asians (minor allele frequency of 0.01) ( Table 3) .
DISCUSSION
MATE1 is a recently identified electroneutral OC/H
ϩ exchanger localized in the apical membrane of renal tubule cells (30) . Importantly, the class of MATE-type transporters, is the first described to function as mediators of the cellular elimination of OCs into the renal tubular lumen. The notion that MATE1 is pivotal for the renal elimination of OCs is not only supported by its unique function but also by the finding that much of its expression is localized to the proximal tubule, the part of the nephron where secretion of xenobiotics is assumed to take place. The pH-driven function of MATE1 (45) suggests that the majority of cationic export mediated by this transporter occurs towards the end of the proximal tubule, as micropuncture experiments have shown the luminal pH is 7.4 at the beginning of the proximal tubule, while it is thought to be much lower at the distal portion (21, 49) . However, in the context of previous studies showing that excretion of OCs is highest in the proximal portion of the renal proximal tubule (35) , which correlates with axial heterogeneity of OC/H exchange activity along the length of the proximal tubule (27) , the function of MATE1 would be predicted to be modest in the elimination of OCs. However, a significant functionally relevant role for MATE1 to OC secretion is supported by the recent findings (46) that show that the targeted deletion of murine Mate1 results in a significant reduction in the renal clearance of substrate drugs in vivo. Therefore, electroneutral OC exchange may be a major contributor of the observed OC efflux by MATE1. This is consistent with the obligatory cation exchange process as shown by Wright and Wunz (51) . Thus it is likely that MATE1 can establish a luminal concentration of cationic substrates that is similar to that of the intracellular concentration even in the absence of a pronounced pH gradient.
However, with regard to the renal clearance of OCs from the circulation, the overall impact of MATE1 is also likely to be dependent on the processes that mediate the uptake of cationic compounds at the basolateral membrane of the tubular cell. OCT2/SLC22A2 has been previously described as the major transporter facilitating this process (20) . In fact, OCT2 has been focus of a variety of studies concerning the renal transport of OCs (15, 48, 56) . However, basolateral uptake function of OCT2 means that a separate efflux transport process must be in place on the apical domain of tubular cells for the efficient vectorial movement of cationic drugs into urine. Indeed since OCT2 can mediate the intracellular accumulation of cationic substrates, efflux of shared substrates by MATE1 would likely continue even in the absence of a proton gradient through an obligatory cation exchange process. In this study, we addressed key aspects of mechanisms that govern the interplay between renal OC uptake and efflux transporters with a specific focus on the recently described human MATE1 transporter.
A key feature that supports the coordinated function of OCT2 and MATE1 is the remarkable overlap in substrate specificity, which also suggests that both transporters would exhibit similar propensity for drug inhibitors. However, to verify this assumption, we tested the effects of an array of compounds on both OCT2 and MATE1 transport activity and found that while some drugs can inhibit both transporter with similar inhibitory potency, there were drugs such as rapamycin, mitoxantrone, and ciprofloxacin that exhibited differential inhibitory potency on metformin transport when tested using in single-transporter expressing cells (Table 1) . To evaluate the functional impact of differential inhibition on the interplay of both transporters, we assessed the impact on drug accumulation in double-transfected cells. Preferential inhibition of MATE1 resulted in enhanced cellular retention of the tested substrate compound (Fig. 2) . This effect can be of clinical consequence especially for cationic drugs with known nephrotoxicity like fluoroquinolones, platinum compounds, or the herbicide paraquat, which have been reported as substrates of both OCT2 and MATE1 transporters (9, 28, 53) .
Compounds such as cimetidine, ranitidine, and probenecide inhibited both OCT2 and MATE1 (Fig. 2) , suggesting that in vivo drug-drug interactions involving these compounds would likely result in higher circulating plasma level of the substrate drug and thereby the risk of side effects in nonrenal tissues. One example is metformin, a small cationic compound that is widely used in the treatment of type 2 diabetes. Metformin targets the liver in terms of the glucose-lowering effect, but it is actually eliminated pre- dominantly through the kidney. In general, it is assumed that the glucose-lowering efficacy of metformin is governed by its pharmacokinetic profile. Indeed, plasma concentration and tissue distribution are considered to be key determinants of the glucoselowering response to metformin (37) . Among various pharmacokinetic-related genes, drug transporters governing renal tubular secretion and/or hepatic accumulation are of particular interest. Previously, it has been estimated that 93% of the interindividual variability of metformin clearance is determined by genetic factors (22, 52) and that OCT2, the kidney enriched transporter, has been suggested to play a pivotal role in this process (11, 17, 18) . This is supported by findings showing that naturally occurring SNPs of the OCT2 encoding gene (SLC22A2), which are associated with reduced cellular uptake in vitro (40) , translate into changes in renal tubular clearance in individuals harboring a function impairing variant allele (39, 50) . However, attempts to translate those findings into altered response to metformin of diabetic patients have not been successful (36, 55) . Very recently a noncoding SNP (rs2289669 GϾA SNP) of MATE1 has been reported to influence the pharmacodynamic response to metformin, suggesting reduced transport activity of the transporter being associated with a higher reduction in HbA1c (4). In the current study, we assessed for the effect of coding region nonsynonymous SNPs noted in the NCBI SNP database in terms of MATE1 transport activity in vitro. We show that the SNPs resulting in amino acid exchanges at position p.159TϾM and p.338VϾI, respectively, exhibited significant changes in transport activity in uptake and efflux mode for prototypical substrates of MATE1. This is consistent with a very recent study (8) that showed that p.338VϾI significantly reduced transport activity in the uptake mode at pH 8.0. Kajiwara et al. (16) sequenced 89 healthy Japanese volunteers identifying SNPs located in the same domain as the latter, also showing significant reduction in the transport activity of MATE1. The reduced function polymorphisms p.310AϾV, p.328DϾA, and p.338VϾI are located in or in vicinity of phylogenetically highly conserved regions in transmembrane domain 7, 8, or 10 of the transporter (29) . It had been suggested before that this region may be of major importance for substrate recognition and transport activity as shown by mutations of glutamate residues (Glu273, Glu278, Glu300, and Glu389; Refs. 25, 30) . Similar results were obtained for mutants of His 385 (2) . The clinical relevance of the here reported SNPs needs to be further elucidated. Although it has been reported very recently that mice lacking the expression of Mate1 do not show any obvious physiologic phenotype in several tissues tested (46), the low allele frequencies of genetic variants ( Table 3 ) that have been associated with impaired transport function of MATE1 [also compare the recent report by Kijiwara et al. (16) ] would suggest that a fully functional protein is important for the maintenance of normal physiological processes. Finally, it seems noteworthy that the above-mentioned mouse model exhibited significant changes in metformin elimination. In fact, lack of the transporter was associated with a markedly decreased renal clearance of metformin (18% of wild-type animals; Ref. 46 ). In summary, we have systematically assessed the role of OCT2 and MATE1 in the renal elimination of shared substrates and have been able to identify several MATE1-and OCT2-selective drug inhibitors. The effect of such inhibitors was assessed in both single and double transporter-transfected model systems. Therefore, our findings provide additional data on the interplay of uptake and efflux transporters needed for the prediction of the in vivo situation. In addition, we tested for the functional relevance of the known nonsynonymous polymorphisms in MATE1 using an in vitro heterologous gene expression system and note that a number of the genetic variants significantly reduced its transport activity. Since MATE1 has only been recently cloned and functionally studied, our finding of its modulation by drugs in clinical use has the potential to better predict renal drug-drug interactions and contribute to our understanding of the influence of drug transporters such as MATE1 and OCT2 to xenobiotic disposition by the kidney. 
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